A key function of the immune system is to survey for dysfunctional tissues such as cancers. Research indicates that tumors evade the immune system following immunosurveillance by either directly inducing tolerance or by altering their phenotype to suppress or evade immunity. This latter mechanism has been termed immunoediting (1). The occurrence of immunoediting is becoming more frequent as our ability to modulate antitumor immunity improves. Some important examples of immunoediting are modulation of Ag expression (Ag-loss variants) and loss of immune recognition molecules. The ability of a tumor cell to modulate or reduce levels of expression of Ags has been increasingly reported using a variety of different immunotherapy approaches to demonstrate that immunoediting can be induced pharmacologically (2-7). Natural immunoediting is supported by studies that have demonstrated that as tumors age, the expression of important recognition molecules decrease. For example, studies in breast cancer have revealed that most advanced tumors have little or no expression of MHC class I molecules unlike normal breast epithelium or early cancers, which typically express an abundance of the molecule (8).
A key function of the immune system is to survey for dysfunctional tissues such as cancers. Research indicates that tumors evade the immune system following immunosurveillance by either directly inducing tolerance or by altering their phenotype to suppress or evade immunity. This latter mechanism has been termed immunoediting (1) . The occurrence of immunoediting is becoming more frequent as our ability to modulate antitumor immunity improves. Some important examples of immunoediting are modulation of Ag expression (Ag-loss variants) and loss of immune recognition molecules. The ability of a tumor cell to modulate or reduce levels of expression of Ags has been increasingly reported using a variety of different immunotherapy approaches to demonstrate that immunoediting can be induced pharmacologically (2) (3) (4) (5) (6) (7) . Natural immunoediting is supported by studies that have demonstrated that as tumors age, the expression of important recognition molecules decrease. For example, studies in breast cancer have revealed that most advanced tumors have little or no expression of MHC class I molecules unlike normal breast epithelium or early cancers, which typically express an abundance of the molecule (8) .
The mechanisms by which immunoediting occurs remain largely unknown. The loss of Ags could simply reflect changes such as gene mutagenesis, which leads to loss of specific gene expression. Alternatively, the immune system could lead to the activation of pathways that lead to rapid, sustained changes in broad gene expression profiles in tumor cells (i.e., cellular reprogramming). This ability of tumors to adapt to a new microenvironment by reprogramming reflects an important property of tumors called plasticity (9) .
We, and others, have found that tumors arising in the FVB/N rat neu-transgenic (neu-tg) 4 mouse are capable of rapid immune escape when treated with any of a variety of immune-based approaches including mAb therapy, vaccines, or T cell therapy (2, 10) . Furthermore, this immunoescape phenomenon can also be observed when transplanting tumors into the syngeneic non-transgenic parental FVB/N mouse (11) . Immune escape observed when transplanting tumors from the neu-tg mouse into the FVB/N parental animals is manifest as the loss of neu Ag expression (2) . In this study, we evaluated the phenotypic differences (i.e., immunoediting) between native neu-expressing tumor cells, derived from the neu-tg mouse, and those that resulted from immunoediting following transplantation in the FVB/N parental strain. Our results suggest that immunoedited tumors have undergone reprogramming through epithelial to mesenchymal transition (EMT).
Materials and Methods

Animals
Mice were from an established colony of neu-tg mice (strain FVB/N-TgN (MMTVneu)202Mul) or FVB/N mice (12) . The neu-tg mice develop spontaneous tumors after a long latency (e.g., Ͼ50 wk), and in the current studies, our previously described transplantable model was used in mice between the ages of 6 and 12 wk (2). As previously described by others and us, the neu-tg mice are tolerant of the neu transgene. This tolerance can be circumvented with vaccines and other immune manipulations (10, (13) (14) (15) (16) (17) . Animal care and use was in accordance with the institutional guidelines at both the Mayo Clinic (Rochester, MN) and the University of Washington (Seattle, WA).
Cell lines
The mouse mammary carcinoma (MMC) cell line was established from a spontaneous tumor harvested from the neu-tg mice. MMC cells were grown and maintained in RPMI 1640 supplemented with 20% FCS (Gemini Bio-Products) as well as penicillin/streptomycin and L-glutamine (Invitrogen Life Technologies). Ag-negative variants (ANV) are cell lines derived from neu-loss variant tumors in FVB/N mice and are maintained in culture identical with MMC. The cell lines were not used continuously, but rather replaced with low-passage cultures every 2 mo. The microarrays were performed with different cultures to avoid intraculture artifact and biasing. Both cell lines have been previously used in other studies in the same mouse model (2, 11) .
Tumor growth in vivo
The tumor cells were harvested from culture plates using 2 mM EDTA and washed before injection. FVB/N or neu-tg mice were inoculated with MMC or ANV1 cells s.c. on the right mid-dorsum with a 23-gauge needle. Tumors were measured every other day with vernier calipers, and tumor size was calculated as the product of length times width. In some cases, mice were pretreated with mAbs to deplete either CD8 ϩ or CD4 ϩ T cells before tumor injection. In these cases, mice were i.v. administered 100 g of purified monoclonal GK1.5 (anti-CD4; American Type Collection Culture (ATCC)) or 53.6.72 (anti-CD8; ATCC) for 5 consecutive days. Mice were allowed to rest 48 h before tumor injection. Peripheral blood was analyzed for CD4 ϩ and CD8 ϩ T cells on day 5 to verify depletion as described below.
Flow cytometry
Cultured cell line cells, tumor-harvested tumor cells, and T cells were stained in PBS containing 1% FCS before labeling. Cells (0.5-1.0 ϫ 10 6 ) were incubated in primary anti-rat neu Ab (mAb 7.16.4, a mouse IgG2a Ab reactive with the rat neu oncogene-encoded p185 molecule was generously provided by Dr. M. Greene and has been previously described (18) ), anti-CD24 FITC (BD Pharmingen), anti-MHC class I FITC (TIB-139, ATCC), anti-CD4 FITC (GK1.5), and anti-CD8 FITC (53.6.72) at 4°C for 30 min and washed three times, and in some cases, followed by secondary labeling with FITC-conjugated rat anti-mouse Ab (BD Pharmingen) at 4°C for 30 min followed by three washes. Samples were run on a FACScan II and analyzed using CellQuest software (BD Biosciences). Control cells received nonspecific mouse IgG. The relative mean fluorescence intensity was calculated as the ratio of the geometric mean of the fluorescence intensities of rat neu stained to the control IgG-stained control cells.
Proliferation assays
Proliferation assays were done essentially as previously described with minor modifications (19) . Splenocytes (3-12 replicates) were plated at 5 ϫ 10 5 splenocytes per well and treated with media alone, 2 g of Con A, 1:1 irradiated (3300 rad) Con A-elicited blasts (16 h at 5 g/ml Con A), or freeze-thaw tumor lysates (three freezes). [ 3 H]Thymidine (1.5 Ci/well) was added at 24 h following antigenic stimulation and the incorporation into the DNA was measured at 48 h by liquid scintillation. The stimulation indices (SI) were calculated as the ratio of the sample cpm to the control cpm.
Microarray analysis
RNA was extracted using an RNeasy kit (Qiagen) or RNA4 aqueous kit from Ambion. Biotinylated cRNA probes were synthesized using a MessageAmp II kit from Ambion. Two different types of microarray were used, Affymetrix and dual-label expression arrays. For the Affymetrix analysis, 15 g of each labeled probe was mixed with Affymetrix hybridization spike controls in a standard hybridization solution and heated to 95°C for 5 min, 45°C for 5 min, centrifuged to pellet particulates, and hybridized to Affymetrix Mouse430_2 chips. Chips were washed using the supplied eukGE-WS5v2 protocol and stained using Ab amplification on a GeneChip 450 Fluidics station. Chips were immediately scanned using a GeneChip 3000 scanner. Affymetrix global scaling was used to normalize results from each sample.
For the dual-label arrays, RNA was labeled with Cy3-dUTP and Cy5-dUTP (Amersham Biosciences) by reverse transcription. For each reverse transcription reaction, 30 g of total RNA was mixed with random hexamer in a total volume of 18.5 l, heated at 70°C for 10 min, and placed on ice for 10 min. Unlabeled nucleotide pool with either Cy3-or Cy5-conjugated dUTP, 5ϫ first-strand Superscript II buffer, 0.1 M DTT, Superscript II reverse transcriptase (Invitrogen Life Technologies) were added to a final volume of 30 l. After incubation at 42°C for 2 h, RNA was hydrolyzed by adding 10 l of 0.5 M EDTA and 10 l of 1 N NaOH and incubated at 65°C for 15 min. The mixture was neutralized by adding 25 l of 1 M Tris-HCl (pH 7.4) and by adjusting the volume to 500 l with Tris-EDTA. Labeled cDNA was purified by centrifugation in a Microcon-30 concentrator (Amicon; Millipore) and eluted in water. The Cy3-and Cy5-labeled cDNAs were then quenched with hydroxylamine to prevent cross-coupling. Qiaquick PCR purification kit (Qiagen) was used to remove unincorporated/quenched dye. Hybridization and washing of the slides were done using standard protocol. Then the arrays were dried by centrifugation. Fluorescence intensities for both dyes (Cy3 and Cy5) and local background subtracted values for individual spots were obtained using the GenePix 4000 microarray scanner and accompanying software (Axon Instruments). The data were imported into Microsoft Excel spreadsheets for analysis. Defective spots that are substandard on the scanned image or have negative background subtracted values were first excluded. Then the Cy3:Cy5 ratio values were log transformed, and global equalization to remove a deviation of the signal intensity between whole Cy3 and whole Cy5 fluorescences was performed by subtracting a median of all log(Cy3/Cy5) values from each log(Cy3/Cy5) value.
Migration assay
NeuroProbe 96-well plates (5-m pore size) were coated with 10 g/ml fibronectin (Sigma-Aldrich) at 37°C for 1 h. Next followed removing the excess fibronectin with HBSS. Tumor cells were suspended in HBSS with 0.1% BSA at a concentration of 10 6 /ml. Calcein-AM (Molecular Probes) was added to cells at a final concentration of 2 M and incubated for 30 min at 37°C in free calcein-AM-incubated cells in RPMI 1640 and resuspended at 10 6 in RPMI 1640 and 1% DMSO. Fifty thousand cells were added to the upper chamber of the NeuroProbe plate and incubated for 90 min at 37°C. The cells that moved through the fibronectin were then quantified on a PerkinElmer Victor V using 485 nm excitation/535 nm emission program. A standard curve was generated by measuring the fluorescent intensity of varying concentrations of calcein-AM-stained cells.
RT-PCR analysis
E-cadherin, tight junction protein 1 (TJP1), vimentin transcript, and rat neu were detected in MMC and ANV cells by RT-PCR on a Bio-Rad MyCycler. Total RNA was extracted from MMC and ANV cells as already described. cDNA was synthesized from 100 ng of total RNA by SuperScript One-Step RT-PCR with Platinum Taq as per manufacturer's instructions (Invitrogen Life Technologies). RT-PCR was performed using the following primers: E-cadherin forward GGTCTTTGAGGGATTCGTTGC and reverse CAGCCTGAACCACCAGA-GTGTATG, which yielded a 248-bp product; TJP-1 forward GACTTTTGTCCCACTTGAATCCC and reverse CCACCGTCCGC ATAAACATCTC; vimentin forward TAGCCGCAGC CTCTATTCCTCATC and reverse AGAAGTCCACCGAGTCTT-GA AGC; and rat HER2/neu forward TGAGCACCATGGAGCTGGC and reverse TCCGGCAGAAATGCCAGGCTC that yielded a 1144-bp product. The PCR conditions for all primer pairs, except neu, were cDNA synthesis and predenaturation: 1 cycle at 50°C, 30 min, 94°C, 2 min; PCR amplification: 40 cycles at 94°C, 15 s (denaturation), 57.5°C, 30 s (annealing), 70°C, 15 s (extension); and final extension: 1 cycle at 72°C, 10 min. For rat neu, the PCR conditions were cDNA synthesis and predenaturation: 1 cycle at 50°C for 30 min, 94°C for 2 min; PCR amplification: 40 cycles at 94°C for 30 s (denaturation), 55.8°C for 45 s (annealing), 70°C for 3 min (extension); and final extension: 1 cycle at 72°C for 10 min. These samples were electrophoresed on a 1% agarose gel with ethidium bromide and imaged on a Gel Doc XR (Bio-Rad). The results for E-cadherin were analyzed with Quantity One software (v.4.5.2; Bio-Rad).
Western blotting
Probing for rat neu expression in tumors and tumor cell lines was performed as previously described (2) .
Results
The MMC cell line is immunogenic in parental FVB/N mice and elicits a protective T cell response
The ability of the neu ϩ MMC to generate tumors was examined in the neu-tg and parental rat neu Ϫ FVB/N mice. As shown in Fig.  1A , tumors that were initially rejected in FVB/N parental mice emerged after a longer latency compared with the neu-tg mouse. As previously reported, implantation of the MMC tumor cells in the FVB/N is accompanied by a strong immune response, which was confirmed in this study (Fig. 1B) (11) . Splenocytes derived from FVB/N mice injected with tumor demonstrated a proliferation response (SI ϭ 15 Ϯ 5, n ϭ 5) to tumor in vitro that was significantly ( p ϭ 0.026) greater than the proliferation response observed by the splenocyte derived from tumor-bearing neu-tg mice (SI ϭ 2 Ϯ 0.5, n ϭ 4). To determine whether FVB/N mice that had rejected MMC tumor challenge developed an immune response to the relapse tumors, splenocytes were assessed for reactivity, following MMC tumor rejection, to lysates derived from the relapse tumors (Fig. 1C) . As shown, MMC-immunized mice do not demonstrate an immune proliferation response but rather are inhibited. The addition of relapse tumor lysate to splenocytes, at a 1:2 tumor cell-to-splenocyte ratio, led to a decline in baseline proliferation (SI ϭ 0.004 Ϯ 0.0006, n ϭ 3, p Ͻ 0.001). This decrease was specific for the relapse tumor cells as it was observed that the addition of Con A to splenocytes from the same mice resulted in enhanced proliferation (data not shown). Although the precise mechanism by which blockade of proliferation occurs is unclear, it is possible that tumors produce immune suppressive molecules (e.g., IL-10) that dampen the splenocytes baseline growth response to serum-derived immune stimulatory molecules, which would be consistent with previous findings that Ag-loss variants that arise in these mice produce reduced "danger signals" (11) . Nonetheless, what is apparent is that unlike MMC lysates (Fig. 1B) , which stimulate proliferation, the relapsing tumors do not.
Tumors that emerge in FVB/N parental mice following MMC rejection are Ag-low variants or ANVs
The phenotype (i.e., neu expression) of the tumors derived from the neu-tg and the FVB/N mice was compared by flow cytometric analysis. Fig. 2A shows neu expression in the MMC cell line that was used for tumor transplant. As shown in Fig. 2 , B and C, and E and F, tumors that emerged in the FVB/N mice (Fig. 2, D-F) had significantly less neu expression than those that emerged in the neu-tg (Fig. 2, B and C) . Cell lines established from the ANVs maintained low Ag expression in vitro in all cases, an example (i.e., ANV1) of which is shown in Fig. 2D . The loss or reduction in neu expression was due, at least in part, to reductions in rat neu-specific mRNA (Fig. 2G) . To verify that neu was not just simply internalized, we also evaluated for expression in ANV cell lines using Western blotting. Only a very weak neu-specific signal was observed in the cell lysates from various ANVs, which is consistent with flow cytometry results (Fig. 2H) . Quantitative analysis of the ANVs compared with the fresh tumors from the neu-tg mouse, as assessed by flow cytometry, is shown in Fig. 2I . Unlike MMC (Fig. 1A) , these ANV rapidly gave rise to tumor in both the neu-tg and the FVB/N parental mice (Fig. 2I) . Because the possibility existed that the ANV tumors were derived from the FVB/N parental mice and not the transplanted tumor, PCR analysis was done, which confirmed that the ANVs contained a copy of the rat neu gene demonstrating its origin in the neu-tg (data not shown). Furthermore, the observation that these cells are tumorigenic when reimplanted (Fig. 2J) demonstrates that the cells were not contaminating stroma. Tumors have also been reported to lose MHC class I expression, which could lead to immune escape. Therefore, we also examined for expression of MHC class I, both basal levels and following IFN treatment. ANV cells retain MHC class I expression and can be induced to express more with either IFN-␥ or IFN-␣. Representative histograms for MMC and ANV1 are shown in Fig.  3 , B and C.
Ag loss requires CD4 ϩ T cells
To determine the T cell subset that is primarily responsible for rejection of MMC tumor, either the CD8 ϩ or CD4 ϩ T cell subsets were depleted using mAbs before tumor injections. As shown in ϩ T cells were unable to reject the tumor cells. Tumors removed from these animals showed levels of neu expression that were comparable to the MMC tumor cells, demonstrating that T cells are required for rejection and Ag-loss (Fig. 4B) .
ANV are derived from MMC as a result of EMT
Compared with MMC, the ANV cells were morphologically distinct, being more spindle-shaped (Fig. 5, A and B) . The ANV also formed less tight junctions than did the MMC, which suggested that the cells underwent EMT. Thus, an EMT cluster was derived from a RNA microarray and used to examine for evidence of EMT. The cluster consisted of E-cadherin (Fig. 5C ) and TJP1 (ZO1) (Fig. 5D ) for epithelial cell markers and N-cadherin (Fig. 5E ) and vimentin ( Fig. 5F ) for mesenchymal cell markers (20 -22) . As shown, the pattern of gene expression demonstrates that ANVs are mesenchymal, having reduced expression of E-cadherin and TJP1 and elevated levels of N-cadherin and vimentin. PCR confirmed the results of the microarray by showing that TJP is down-regulated and vimentin is up-regulated in the ANV (Fig. 5G) . Analysis of five other independent Ag-loss variant cell lines by RT-PCR demonstrated loss of E-cadherin confirming loss of epithelial characteristics (Fig. 5H) . Lastly, we also examined for cell surface expression of CD24, a marker whose level of expression in the mammary gland distinguishes epithelial cells from nonepithelial cells (23) . As shown in Fig. 5, I and J, the transition of MMC to ANV was accompanied by a reduction in CD24 expression.
ANV demonstrate a more invasive phenotype than MMC
EMT is a cellular reprogramming strategy that is used early in the course of embryonic development to impart a migratory and invasive phenotype to epithelial cells so that they may migrate to other regions to give shape to the developing embryo (24) . Furthermore, EMT has recently been implicated as a mechanism important for local tumor invasion and metastasis (25, 26) . Thus, we speculated that ANV cell lines because of EMT may express molecules associated with increased invasion. Using microarray, again we examined expression of a panel of matrix metalloproteinases (MMPs), enzymes that are involved in their increased invasive potential (27) . Of the eight metalloproteinases in the cluster, the MMC expressed two predominantly, MMP2 and MMP9 (Fig. 6A ).
Consistent with a more invasive phenotype, the ANV acquired expression of MMP3, MMP10, MMP11, MMP13, and MMP14, which were not expressed at all in the MMC cells. Furthermore, the ANV also demonstrated expression, in contrast to MMC, of other tumor invasion-associated proteins such as Twist (20) , Slug (20) , and SDF-1 (28) (as shown in Fig. 2B ). Both Twist and Slug are also intricately involved in the EMT process (20) . The ANV cells were also more invasive as assessed by in vitro migration assays as shown in Fig. 6C . The expression of these increased invasion markers, however, did not appear to confer an increased growth advantage because MMC and ANV grew largely at the same rate following transplantation, indicating that EMT may result in increased invasion without altering overall growth rate (Fig. 6D) .
Discussion
According to the premise of immunosurveillance and immunoediting, immunoescape is a multifaceted event. Tumors can either shut off the immune response (e.g., tolerance induction) or alter their phenotype to lose or avoid recognition (e.g., immunoediting). Past research demonstrating that strong immune responses can lead to the generation of Ag-loss variants has suggested that immunoediting is frequent and can lead to the generation of tumors to which the immune system is tolerant. Using the neu-tg mouse model of epithelial breast cancer, in the present study, we have investigated the phenotype of tumor cells that have undergone immunoediting. Specifically, we have found that the tumor cells lost Ag expression, had an altered morphology, and up-regulated genes associated with EMT. In recent years, the concept of immunoediting has become important because the generation of ANVs in vivo with immunebased approaches is being reported more frequently by a number of laboratories not only in breast cancer but also other cancers following immune-based therapies using a number of different strategies. For example, we have previously reported that mAb therapy can lead to the rapid emergence of tumor ANVs in the neu-tg mouse (2) . The phenotype of the resulting Ag-negative tumors was a stable phenotype and not simply due to Ab-induced protein degradation. Furthermore, we also observed in a prior study, that Ag-loss variants generated in FVB/N mice had a unique proteomic profile compared with the tumors generated in the neu-tg mouse model, which was associated with reduced immune danger signals (11) . Similarly, Zhou et al. (5) recently reported that mouse renal adenocarcinoma cells can undergo Ag-loss in response to Ag-specific CD4 Th cell therapy. In that study, they observed that the model Ag of influenza hemagglutinin is lost due to down-modulation of the influenza hemagglutinin mRNA, suggesting immunoediting works at the nucleotide level. Our finding that endogenous CD4 ϩ T cells are important in immunoediting corroborates the importance of CD4 ϩ T cells in immunoediting. In humans, adoptive T cell therapy and cancer vaccines have demonstrated the potential for Ag-loss variants to emerge (3, 6, 29) . For example, Dudley et al. (29) showed in clinical trials of adoptive T cell therapy with expanded melanoma-derived tumor-infiltrating lymphocytes that responding patients, but not nonresponding patients, developed both Ag-and MHC-loss variants following treatment, demonstrating that immunoediting is important in human tumors as well. Although the mechanisms by which Ag expression is lost is not clear (i.e., genetic or epigenetic), mouse studies have begun to answer some questions. SanchezPerez et al. (4) have shown in the B16 melanoma model that, rather than selecting for mutants, gene expression is lost epigenetically through DNA methylation following immunoediting. Collectively, the observations that the altered phenotypes are stable and that gene expression is modulated, suggest that immunity activates cellular reprogramming pathways.
Our study suggests that one potential reprogramming mechanism activated during immunoediting is EMT, a gene expression program that has long been known to be important in embryonic development but only suspected recently to have a role in the pathogenesis of cancer (26) . Embryonic epithelial tissue cells use EMT to dedifferentiate and transition into a more motile cell type to give rise to specialized tissues including the mammary glands, somites, and heart endocardium (26) . Although it is unclear what role EMT plays in cellular motility in a fully developed healthy mammal, EMT is a reprogramming strategy that is used pathologically in breast cancer, which may permit nonmigratory epithelial cancer cells to acquire motility to seed other tissues within the body (30) . Similar to that observed in embryonic development, the transition of breast epithelial cells to the mesenchymal state is also accompanied by a loss of epithelial characteristics (e.g., E-cadherin, TJPs) as well as tissue-specific proteins (our unpublished observations). Thus, these results suggest that the interaction of tumor cells with the immune system may not only result in loss of immune recognition but also may have a role in the pathogenesis of the disease.
With the exception that CD4
ϩ T cells are required, at present we can only speculate on the potential in vivo mechanisms by which the immune system could lead to EMT. In a recent report, Bates and Mercurio (31) demonstrated a connection between the immune system and the induction of EMT by showing that activated macrophages could directly facilitate EMT in human colonic tumor cells in vitro. Further analysis revealed that TNF-␣ was a critical factor produced by the macrophages that led to accelerated EMT. Thus, a plausible scenario that may explain our findings is that the immune effectors (T cell, macrophages, etc) at the tumor site led to increased levels of TNF-␣. Indeed, this result may have a correlate in human breast cancer where increased TNF-␣ in the tumor microenvironment in the periphery is associated with increased metastatic potential (32, 33) . Alternatively, other immune factors are also associated with EMT. For example, EMT is typically induced by TGF-␤ in a variety of different cell types including breast cancer cells in vitro (34) . Furthermore, several immune effectors such as regulatory T cells are known to produce high levels of TGF-␤ (35) . Thus, the development of a strong immune response may also be accompanied by chemoattraction or induction of TGF-␤ producing regulatory T cells that may also promote EMT. Nonetheless, understanding the mechanisms of EMT induction in the immune microenvironment will improve our understanding of tumor-immune interactions and the development of immune escape variants.
In conclusion, our findings suggest that immunoediting of breast tumors in mice may involve EMT. Thus, immune escape may be more than incremental changes in gene expression resulting in the chance loss of Ag expression. Rather, breast cancer may actively escape immune detection through the pathologic use of cellular reprogramming. 
